Coordinated development of external genitalia: developmental genes for proximodistal and dorsoventral formation

Structural features and deformity of the external genitalia
External genitalia development possesses a unique character of differentiation from a common embryonic organ (anlage) to male/female type of genitalia. Its abnormal developmental process is thus often regarded as part of the defective sexual differentiation. Onset of external genitalia development has been described in part as an outgrowing organ (embryonic appendage).
The mechanisms of its formation have been shown to share some similar developmental contexts with limb bud formation. For instance, double mutants for Hoxa13 and Hoxd13 display agenesis of both limb and external genitalia (1) . Growth factors such as sonic hedgehog (Shh) expressed in the endodermal epithelia (prospective urethra) and fibroblast growth factor 10 (Fgf10) and bone morphogenetic protein 4 (Bmp4) in the mesenchyme bilateral to the urethra have been suggested to play essential roles in genital tubercle (GT; embryonic anlage of external genitalia) formation (2) (3) (4) . Interactions among such growth factors, including ectodermally and endodermally derived signals, are genetically significant for GT formation (3, 5, 6) .
During the proximodistal (PD) formation of limbs and external genitalia (often called as appendages), it has been generally suggested that PD and dorsoventral (DV) formation are regulated in concert (7, 8) . Such developmental processes usually proceed from the initiation of an organ outgrowth toward tissue elongation and cellular differentiation. An external genitalia develops characteristic structures in the dorsal and the ventral side. GT develops coordinately with the ventral and the dorsal parts of its development. As a result of such development, external genitalia can perform functions for urination and ejaculation. Urination is mediated mainly by the ventral urethra while ejaculation by the dorsal corpus cavernosum and in part by the ventral corpora urethrae and ventral urethra.
Urethral formation is the essential developmental process required for ventral GT development (2, 9, 10) . Male urethra is originally derived from the groove subsequently incorporated from the ventral to mid-GT region (11) . Endodermally derived urethral formation associated with bilateral mesenchyme development should proceed simultaneously (9) . The roles of epithelial-mesenchymal interaction (EMI) by some developmental regulators have been reported in the ventral GT and the urethral formation (2, 4, 12) .
The dorsal part of external genitalia develops into particular structures, e.g. corporal bodies and penile bones (os penis in the case of mouse) (13, 14) ; os penis differentiation depends on androgen signal as shown by testicular feminized (Tfm) mutant (androgen receptor mutant) model studies (15) . Corpus cavernosum penis is the main erectile tissue covered with tunica albuginea and dorsally located vein/arteries. In contrast to the ventral GT, little information has been available for dorsal GT formation.
In the human congenital anomalies of external genitalia, cleft-like phenotypes are observed in each side of GT as for epispadias in the dorsal side and hypospadias in the ventral side. In the symptom of hypospadias, which is the defective ventral and meatus formation, reconstruction of the urethral meatus is required (16, 17) . Abnormal curvature of penis (Chordee) is often associated with such defects (18, 19) . Epispadias is a rare congenital abnormality including the opening of the urethra in the dorsal side of the penis. As the penile abnormality is generally more severe, extensive surgery is necessary for epispadias and associated defects. Although it is speculated that some similar aspects of mesenchymal differentiation occur in the dorsal GT, structural differences in penile bone or other dorsal regions between humans and mice may cause different disease susceptibility for epispadias. Furthermore, the severity of epispadias defect in human seems to correlate with the symphysis gap representing a developmental defect of the anterior rami pubis due to the lack of symphyseal traction (20) . This closure defect of the human pelvis is unique to the bladder exstrophy and epispadias complex (BEEC) and is not seen in ventral developmental defects of the GT (20) .
Signals for DV formation of external genitalia and limb
In the case of limb, dorsal/ventral development enables anatomical specification for physiological digit and palm movements. Dorsal and ventral specific growth factor signals have been suggested as interacting with the respective adjacent mesenchyme for limb development. Various outgrowth-related growth factor signals regulate such EMI, which regulates the essential process for the DV aspects of limb formation. Wnt7a, a Wnt ligand, in the dorsal ectoderm regulates adjacent mesenchymal developmental genes in limbs. Such ectodermal Wnt7a signal affects on the dorsal mesenchyme regulating DV limb formation. 'For ventral signaling', En-1 (engrailed-1) and Bmp genes have been suggested (21) . In the case of GT, Wnt signals regulate the GT outgrowth as well as the differentiation of urethral formation (3, 6, 22, 23) .
Bmp signal has been shown as necessary for limb and GT formation (3, 8) . Besides, Bmp signal has been also shown as essential for regulating PD outgrowth of limb development (8) . Bmp signaling is transduced by ligand-induced oligomerization of serine/threonine receptor kinases and phosphorylation of the cytoplasmic signaling molecules Smad1/5/8 ( Fig. 2a) (24) . In the case of GT, Bmp signal plays as a 'negative' regulator for GT outgrowth as shown by Bmpr1a, one of two Bmp type I receptors transducing Bmp signal, conditional mutant mice analysis (3). On the other hand, epithelially derived Fgf signal regulates positively GT outgrowth (7) . Orchestration of such ectoderm with DV and mesenchymal development has been suggested as regulating limb development. No such signals have been reported in both ectoderm and mesenchyme during GT development. Moreover, mouse model studies are required to verify such developmental functions.
Expression of growth factors and Msx1/2 are identified during external genitalia formation and related morphogenesis
Msx genes are vertebrate homeobox containing genes originally identified as Msh (muscle segment homeobox) genes in Drosophila (25) . The genes regulate various morphogeneses including tooth, craniofacial formation, female reproductive tracts, body wall and limbs (26) (27) (28) . Msx1 and Msx2 are highly expressed in the prospective limb field of the trunk at early embryonic stages as well as in both the apical ectodermal ridge (AER) and the underlying mesenchyme during limb outgrowth. Msx1 and Msx2 double knockout mice (hereafter designated as Msx1/2 DKO mice) limbs lack anterior skeletal elements (radius/tibia, thumb/hallux) (29) . Analyses on the mutant limbs show agenesis for the regions with prospective anterior identity. This correlates with the absence of DV boundary specification in the anterior ectoderm of the limb. Gene expression analyses have shown that Msx1 and Msx2 are expressed in both the dorsal and the ventral mesenchyme of GT (Fig. 1a-d) . DV developmental programs involving Msx1/2 have not been reported in GT formation. Thus, investigation on the possible phenotypes of GT by relevant mouse models is required to reveal such mechanism in developing GT. Msx1 or Msx2 single KO mice do not display obvious GT abnormalities. Intriguingly, Msx1/2 DKO mice show the dorsal GT hypoplasia/cleft often reaching to the level of ventral side of GT (urethral plate, Fig. 1f,g ). Such dorsal midline cleft resembles some phenotypes of epispadias (30) . As such embryonic phenotypes of epispadias are not reported in the surgically treated human newborn patients, accurate comparison of the current dorsal deformity should be further investigated. Msx1/2 DKO mice die around E14.5. Further analyses by using conditional gene modification approaches should be required.
Regulatory interactions of Bmp and Msx genes were demonstrated in the case of limb and tooth formation (26) . Bmp4 is in fact expressed in the GT mesenchyme (3) (Fig. 1e) . Moreover, conditionally mutated Bmpr1a in the ectoderm leads to the GT abnormalities (3). Bmp-Msx interaction involves reciprocal regulation including Bmp signal on Msx gene expression and Msx gene for Bmp signaling. As the dorsally expressed Bmp4 is observed in the GT, defective Bmp-Msx pathway may lead to the current dorsal midline abnormalities (Fig. 2) . Dorsal part of external genitalia develops corporal bodies for erection. Thus, vasculogenesis is one of the essential processes during the GT development. Hedgehog and Bmp signals have been both suggested for regulating vasculogenesis (31, 32) . Intriguing possibility remains for the involvement of such growth factors for the differentiation of corpus cavernosum penis in the dorsal mesenchyme. Further analyses are necessary to link the possible dorsal side of Bmp-Hedgehog interaction.
Epispadias and complex form of exstrophy in external genitalia and body wall
In caudal (lower) part of embryos, coordinated organogenesis is suggested as necessary to develop external genitalia, pelvic organs, and body wall regions (33) (34) (35) . Thus, developmental defects in GT are often associated with abnormal perineal/pelvic organ formation. Comparison on the possible similarity of such developmental programs among these organs will provide research strategies not only applicable for studying epispadias but also for associated abnormalities. However, little information has been revealed for such caudal body formation. Genetic studies identified a few genes for the formation of the dorsal part of GT and the ventral body wall (34) . Some of these genes are initially expressed in the mesenchyme adjacent to the umbilical cord. Such expression gradually shifts to the body wall region eventually expressed in the dorsal GT. A homeobox containing Alx gene, Alx4, is necessary for such process as shown by Alx4 mutant mouse analyses (35) . In addition, growth factor signals such as Hedgehog signals have been shown as potentially interacting with such genetic cascades. Hedgehog signal dependent urogenital organ formation particularly for kidney development has been suggested. Hedgehog signal regulates mesonephros formation (36) and its disruption leads to the formation of the fused kidney (36) (37) (38) . In the ventral body wall development, Hedgehog signals associated with Alx4 have been suggested to regulate the formation of the ventral body region. Such abnormality mainly occurs within the ventral midline between the umbilical cord and the upper part of external genitalia. Regulators for such pathway including Gli3 have been reported. Compound mutant analysis using Gli3 and Alx4 has shown the presence of a genetic interaction (35) .
It has been recently shown by cell labeling studies that cell migration is essential to develop genital region (33, 35, 39) . Coordinated cell migration for GT and ventral wall development has been increasingly suggested. The proximal umbilical mesenchyme (infra-umbilical mesenchyme) cells migrate toward the upper part of GT mesenchyme (35) . Understanding both the genetic cascades and the cell lineages due to the cell migratory behaviors is thus essential to comprehensively understand such organogenesis. Concerted actions of growth factor signals associated with transcription factors are suggested. Pathway and informatics analyses may provide causative links for the genes associated with Bmp signaling. Transcription factor genes such as Msx and related genes may provide the possible link between extra cellular matrix (ECM) and cytoskeletal proteins, which are necessary for cell migration. Such candidates include fibronectin (FN) expressed in the dorsal part of GT (35) . Possible interaction of the above signal cascades and ECM pathways linked with androgen signaling pathway has been speculated for the onset of epispadias and complex form of exstrophy. Interestingly, the non-steroidal androgen receptor antagonist flutamide usually applied in prostate cancer treatment to reduce androgen effects, was also shown to reproducibly induce epispadias in male rat offspring with a peak incidence in animals whose pregnant female had received a single oral dose on E16 (40) , supporting the role of altered androgen signaling to be involved in formation of epispadias. Advancement for human sequencing, genome and mouse mutant models, as well as cell biological studies are thus required toward a comprehensive understanding of such complex syndromes.
Body wall and associated external genitalia development: the candidate signal cascades for caudal embryonic development
The presence of EMI has been shown for the cloaca and the peri-cloaca region development. EMI regulates the development of peri-cloacal mesenchyme (PCM), eventually forming external genitalia and pelvic organs such as the urethra and bladder (33, 38, 41) . Shh is expressed in the cloacal epithelia (2, 7) regulating the adjacent mesenchyme including PCM (33) . Subsequently, PCM regulates several genes expression for its growth and differentiation. One of such candidate mesenchymal signal is the Bmp signal. Mesenchymally expressed Bmp4 is regulated by the cloacal Hedgehog signal (2) and the Shh-Bmp cascade has also been shown in the upper urogenital tract development such as the bladder and the ureter (38, 42, 43) . In addition to the epispadias-like upper (dorsal) part of GT defects, Msx1/2 DKO mouse model is reported to display defective closure of body wall. Such a phenotype could be derived from the defects of lateral plate mesoderm (LPM) (44) . Thus, Msx1/2 may be involved in the formation of both PCM derived external genitalia and LPM derived body wall. Recently, Isl1 was identified as a candidate gene for complex genetic disorders of lower embryos such as exstrophy by genome-wide association study (GWAS) (45) . Isl1 is a LIM/homeodomain containing transcription factor regulating development of neural tube, pancreas, heart, limb and caudal embryos (46) (47) (48) (49) . It is suggested as a marker for progenitor cells contributing to a part of PCM, hindlimb and GT ( Fig. 2 ; blue color region). Interpretation of Bmp signals in Isl1 cell lineages is one of the critical developmental processes in GT and pelvic organ formation. Disruption of Bmp signal in such Isl1 lineages leads to the defective caudal midline regions (41, 45) . Such phenotypes mimic agenesis of the corresponding region representing a model for mermaid syndrome (41) .
Hedgehog signal is also suggested to interact with Isl1 for limb development (50) . Thus, possible interaction of these pathways could be one of the future research topics to analyze epispadias and body wall defects. Other transcription factors can also be considered as under the control of EMI for PCM. Introduction of mutations in such genes is expected to lead to embryonic lethality. Hence, integration of several signal cascades, Bmp, Msx and Isl1 may underlie the complex morphogenesis of body wall and PCM derived organs (Fig. 2) .
Suggested signals for the body wall and associated organ formation
Bmp signal regulates various downstream signal cascades mainly through Smad genes. Bmp-Msx genes may play roles for GT and body wall morphogenesis (Fig. 2) . Several other genes, e.g. Tgf (transforming growth factor) -β2/β3, AP2 alpha and Pax3, have also been associated with the ventral body wall closure defects (44, (51) (52) (53) . BmprIa conditional knockout mice utilizing Dermo1-Cre show the defects of body wall closure with omphalocele phenotypes such as the failure of musculature growth and the ventral extrusion of liver, stomach and gut (54) . As for the ligand, Bmp4 is expressed in the developing primary body wall regulating MyoD, Myf5 and Myogenin expression, which are necessary for myoblast differentiation in hypaxial myotomes (51) . Abnormal body wall formation is also observed in Bmp2/Bmp4 double heterozygous mutant mice (55) . Moreover, Bmp signals are required to maintain Pax3-expressing proliferating muscle precursors in somites by restraining Pax3 expressing myotome from differentiation (56) . Therefore, BmprIa-mediated Bmp signaling is essential for somite-derived tissue growth such as myotome to form secondary ventral body wall. Msx1/2 DKO mice show the epispadias-like phenotype as well as defects of the body wall closure (44) . Further genetic analysis will be required to examine several cascades in both GT and body wall region.
Increasing amount of information by genome-wide association methods and robust advances of next-generation sequencing (NGS) provide more information on causative genes for defective urogenital/reproductive organ formation (57, 58) . They include Wnt3 and Wnt9b. Wnt signaling has been also suggested to be involved in body wall closure (59) , GT outgrowth and urethral formation (6) . Wnt3 is widely expressed within the epithelia, including that of the cloacal membrane and GT (57), Wnt9b is strongly expressed in the cloacal membrane between E9.5 and E10.5, and the epithelia of the GT at later stages during mouse development (57) . Follow-up studies on genes of the WNT-signaling pathway including sequence analysis of WNT3, WNT6, WNT7A, WNT8B, WNT10A, WNT11, WNT16, FZD5, LRP1 and LRP10 in human BEEC patients identified several variants, which were predicted as potentially disease causing using in silico prediction programs (58) with seven of these variants found to be novel. Thus, it is becoming necessary to establish comprehensive understanding of such human genotype-phenotype information and mouse mutant phenotype-analysis data. Symptoms like epispadias may be caused by multiple factors for various morphogeneses of lower embryonic organs including GT.
With the increasing contribution of NGS to identify candidate disease genes, database and comprehensive informatics analyses will gradually provide possible candidate genetic cascades for organogenesis. Although little information has been still available for epispadias and body wall abnormalities, potential links will be gradually suggested by such analyses. In mouse experimental systems, functional analyses of such genes require careful conditional mutagenesis approaches as the responsible genes play multiple roles during early and late embryos. Such studies will also gradually link the developmental basis of cell migration and the possible networks for these syndromes.
